Introduction
============

Skeletal muscle stem cells (SkMSCs) are capable of self-renewal and muscle regeneration ([@b1-mmr-22-02-0850]). Lineage progression directs quiescent stem cells toward activation, proliferation and differentiation due to muscle injury or pathological conditions through the activation of multiple mitogenic factors ([@b2-mmr-22-02-0850]--[@b4-mmr-22-02-0850]). Previous studies have suggested that key transcription factors serve a significant role in the proliferation and differentiation of SkMSCs ([@b4-mmr-22-02-0850],[@b5-mmr-22-02-0850]). Progenitors expressing paired box (Pax) proteins 3/7 are prerequisite factors for skeletal muscle growth and are regarded as the source of adult SkMSCs ([@b5-mmr-22-02-0850]--[@b7-mmr-22-02-0850]). A number of studies have suggested that the expression of Pax7 is important for the maintenance of adult SkMSCs, and that the activation of the myogenic differentiation markers (MyoD) gene primes myogenesis ([@b6-mmr-22-02-0850],[@b8-mmr-22-02-0850],[@b9-mmr-22-02-0850]).

Accumulating evidence suggests that a number of microRNAs (miRNAs), such as miR-99a-5p ([@b10-mmr-22-02-0850]), miR-9-5p ([@b11-mmr-22-02-0850]), miR-208b ([@b12-mmr-22-02-0850]), serve important roles in skeletal muscle myogenesis by regulating gene expression, and that their abnormal expression is associated with a number of muscle diseases including, muscle atrophy and ischemic injury ([@b6-mmr-22-02-0850],[@b13-mmr-22-02-0850],[@b14-mmr-22-02-0850]). Regarding the molecular mechanism of miRNAs in myogenesis, studies have reported a role for these molecules in the differentiation of SkMSCs ([@b13-mmr-22-02-0850],[@b15-mmr-22-02-0850]). Indeed, substantial evidence supports the hypothesis that miRNAs are involved in regulating muscle regeneration. A recent study has reported that miR-483-3p is involved in the osteogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) by targeting STAT1 and may serve as a potential therapeutic target for bone loss due to aging ([@b16-mmr-22-02-0850]). In addition, studies have revealed that miR-7 regulates the neural differentiation of trabecular meshwork mesenchymal stem cells (TMMSCs), and that the poly (L-lactate) (PLLA)/poly (e-caprolactone) (PCL) scaffold, termed a three-dimensional (3D) culture system, can promote their differentiation towards glial and neural progenitor cells ([@b14-mmr-22-02-0850]). Previous studies have reported that miRNA-217-5p regulates pluripotent stem cell proliferation and differentiation ([@b17-mmr-22-02-0850]) and is involved in metabolic processes in various cells, such as endothelial ([@b18-mmr-22-02-0850]) and colorectal cancer ([@b19-mmr-22-02-0850]) cells. These findings provide insights into the application of miRNAs in regenerative and cell therapy for muscle diseases ([@b14-mmr-22-02-0850]). However, a limited number of studies have explored the potential roles of miR-217-5p in SkMSCs.

Previous studies have reported that fibroblast growth factor receptor 2 (FGFR2) exerts an important role in embryogenesis and tissue regeneration, especially in bone and vascular development ([@b20-mmr-22-02-0850],[@b21-mmr-22-02-0850]). FGFR2 overexpression serves a crucial role in the myogenesis of SkMSCs ([@b22-mmr-22-02-0850]). Consistent with these findings, owing to its association with the myogenesis of SkMSCs, FGFR2 is considered a therapeutic target for muscle injury ([@b23-mmr-22-02-0850],[@b24-mmr-22-02-0850]). However, its role in the proliferation of SkMSCs remains unclear. This present study aimed to investigate whether miR-217-5p may mediate the expression of FGFR2 in SkMSCs.

Materials and methods
=====================

### Animals and cell culture

Isolated single myofiber-associated cells were prepared using limb muscles obtained from 2-week-old female Sprague Dawley rats (n=5; 30--500 g) maintained in a 12:12 h light/dark cycle at 23°C and 50--70% humidity, which were anesthetized with 50 mg/kg 1% sodium pentobarbital and euthanized by cervical dislocation prior to the removal of the limb muscles. Animal experiments were approved by The Institutional Animal Care and Use Committee at The First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China). All animals were purchased from The Guangdong Medical Laboratory Animal Center (Guangzhou, China). Rat tibialis muscles were subjected to enzymatic dissociation (0.2% collagenase, Sigma-Aldrich; Merck KGaA) at 37°C for 90 min. The cell suspension was filtered through a 40-µm filter (Biosharp Life Sciences). Following isolation, myofiber-associated cells were stained for the isolation of particular cell populations by flow cytometry and fluorescence-activated cell sorting (FACS). After sorting, cells were cultured in DMEM (HyClone; GE Healthcare life Sciences) supplemented with 20% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% chick embryo extract (Gemini Bio Products). Myogenic differentiation was induced using DMEM with 2% heat-inactivated horse serum (Gibco; Thermo Fisher Scientific, Inc.). The NC group cells were cultured in DMEM supplemented with 10% FBS and the PG group cells were incubated in DMEM supplemented with 20% FBS, 1% chick embryo extract and transforming growth factor (TGF)β1. The cells were maintained in an incubator with a humidified atmosphere of 95% air and 5% CO~2~ at 37°C.

### RNA isolation and reverse transcription-quantitative (RT-q) PCR amplification

RT-qPCR was performed as described previously ([@b25-mmr-22-02-0850]). Briefly, total RNA was extracted using TRIzol^®^ reagent (Thermo Fisher Scientific, Inc.) and was reverse transcribed by SuperScript^®^ cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Briefly, an RT mixture containing 1 µl total RNA, 4 µl deoxynucleoside triphosphates, 2 µl Primer Max, 4 µl RT bufer, 1 µl SuperRT and diethyl pyrocarbonate (DEPC)-treated water to a final volume of 20 µl were subjected to 37°C for 1 h, 95°C for 5 min and 4°C for cooling for 30 min. The primers used were as follows: miR-217-5p forward, 5′-CGCGGATCCTATTGTATTACGGTAGGATG-3′ and reverse, 5′-CCGCTCGAGCAGATAGCACGAACTTTT-3′; FGFR2 forward, 5′-GCGTCTCCAACGCCAAAGAGTCTTTCGTATATTATCAAAAT-3′ and reverse, 5′-CAGTGAATTTTGATAATATACGAAAGACTCTTTGGCGTTG-3′; Pax 7 forward, 5′-AGCCGAGTGCTCAGAATCAA-3′ and reverse, 5′-TCCTCTCGAAAGCCTTCTCC-3′; MyoD forward, 5′-CGACTGCCTGTCCAGCATAG-3′ and reverse, 5′-GGACACTGAGGGGTGGAGTC-3′; myosin heavy chain (MyHC) forward, 5′-TGCCAAGACCGTGAGGAATG-3′ and reverse, 5′-AATGCATCACAGCTCCCGTG-3′; and GAPDH forward, 5′-GGGTGATGCTGGTGCTGAGTATGT-3′ and reverse, 5′-AAGAATGGGAGTTGCTGTTGAAGTC-3′. Thermal cycling conditions were 2 min at 95°C followed by 40 cycles of 95°C for 15 sec and 60°C for 15 sec on a Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.), GAPDH was used as an internal control to normalize target gene transcripts. Each sample was measured at least three times and the 2^−ΔΔCq^ method ([@b26-mmr-22-02-0850]) was used to assess relative levels of the mRNAs of the target genes.

### Target gene prediction

TargetScan (version 7.2l [www.targetscan.org,](www.targetscan.org,)) and [miRNA.org](miRNA.org) (version 22.1; <http://www.microrna.org>) were used for scanning the candidate targets of miR-217-5p. Basic information of miR-217-5p was submitted online and the potential targets of miR-217-5p were presented.

### Luciferase reporter assay

The miR-217-5p mimics (5′-UACUGCAUCAGGAACUGAUUGGC-3′), miR-217-5p antagomir (5′-GCCAAUCAGUUCCUGAUGCAGUA-3′) NC-mimics (5′-UUCUCCGAACGUGUCACGUTT-3′; 5′-ACGUGACACGUUCGGAGAATT-3′) and NC-antagomir (5′-CAGUACUUUUGUGUAGUACAA-3′) were purchased from Thermo Fisher Scientific, Inc. The amplified miR-192-5p mimic sequence and miR-NC were transfected into the SkMSCs using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions.

To identify the binding sequences and uniform resource locator, luciferase reporter assay was used. The miR-217-5p mimics, miR-NC, or miR-217-5p antagomir and the pRL-TK vector (Promega Corporation) carrying the mutant (mut) or wild-type (wt) FGFR2 3′ untranslated region (3′-UTR) were co-transfected into SkMSCs using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Three days later, cells were lysed with the Dual-Glo^®^ Reagent (Promega Corporation), and luciferase activity was measured using a Dual-Luciferase Reporter Assay System (Promega Corporation). The firefly luciferase activity was normalized to Renilla luciferase activity.

### Western blot analysis

Protein was extracted using RIPA buffer with protease inhibitor (Sigma-Aldrich; Merck KGaA), protein concentration was determined by bicinchoninic assay (Thermo Fisher Scientific, Inc.), and denatured for 5 min at 100°C prior to electrophoresis using an 8--10% polyacrylamide gel and a mid-range protein ladder (Beijing CoWin Biotech Co., Ltd.). Then, proteins were transferred to a PVDF membrane (EMD Millipore), blocked with 2% goat serum (Gibco; Thermo Fisher Scientific, Inc.) for 1 h at room temperature, and incubated with rabbit anti-FGFR2 (1:1,000; cat. no. ab10648; Abcam), GAPDH (1:1,000; EPR1689; cat. no. ab181602; Abcam), Pax7 (1:100; cat. no. ab199010; Abcam), MyoD (1:250; cat. no. ab203383; Abcam) and MHC (1:200; cat. no. ab11083; Abcam) primary antibodies overnight at 4°C. Membranes were then washed using TBST + 0.5% Tween-20 (EMD Millipore) and incubated with Alexa Fluor^®^ 790-conjugated polyclonal goat anti-rabbit IgG H&L (1:10,000; cat. no. ab175781; Abcam) secondary antibody at room temperature for 1 h. Images were acquired by scanning with LI-COR\'s Odyssey Infrared Imaging System (LI-COR Biotechnology).

### MTT assay

MTT assay was performed to evaluate the rate of proliferation of SkMSCs. Following transfection with miR-217-5p mimics, miR-217-5p antagomir and miR-NC, cells were seeded into 96-well plates (2×10^4^ cells/well) and incubated at 37°C for \~24 h. Then, 20 µl 5 mg/ml MTT solution was added into each well, and the plates were incubated at 37°C for an additional 4 h. After removing the medium, DMSO (160 µl/well) was added to each well. The concentration of MTT formazan solubilized with PBS was measured by a microplate reader (Tecan Group, Ltd.) at 490 nm according to the manufacturer\'s instructions.

### FACS

Flow cytometry analysis and cell sorting were performed at the central laboratory of The First Affiliated Hospital of Sun Yat-sen University (Guangzhou, China). Markers for CD45 \[BV510 mouse anti-rat CD45 Clone OX-1 (RUO); BD Pharmingen\], CD11b (rat CD11B APC WT.5; BD Pharmingen), anti-integrinβ1 \[anti-integrin β1 (HMb1-1; PE/Cy7); cat. no. ab95622; Abcam\] and CD34 \[anti-CD34 antibody (EP373Y); cat. no. ab81289; Abcam\] were used. The trypsinized cells were filtered using 200-mesh sieves and incubated with the above antibodies at 4°C for 1 h. Then, the cells were washed twice with PBS and resuspended in 200 ml PBS prior to analysis using a BD Accuri C6 flow cytometer (BD Biosciences) and flow cytometric data was analyzed using FlowJo software (version 7.6; Tree Star, Inc) according to the manufacturer\'s instructions.

### Cell proliferation assay

To verify the proliferation of SkMSCs, a 5-Ethynyl-2′deoxyuridine (EdU) Kit (Guangzhou RiboBio Co., Ltd.) was used. SkMSCs were seeded at a density of 5×10^5^ cells/well in 6-well plates coated with decellularized skeletal muscle extracellular matrix hydrogels (Shanghai Linbo Scientific Instruments Co., Ltd.) and cultured in the appropriate growth medium for 24 h at 37°C for the following four groups: Negative control (NC), miR217-5p, 2 µM AZD4547 and 2 µM miR217-5p + AZD4547. The cells were treated with 10 µM EdU working solution growth medium for 2 h in the dark. Then, the cells were treated with PBS containing 4% paraformaldehyde for 20 min at room temperature, followed by 2 mg/ml glycine and 0.5% Triton X-100 for 15 min at room temperature. After Hoechst 33342 was added to each well, cells were incubated for 30--40 min in the dark. Images were acquired at ×40 magnification using an Axiovison 4.8 camera attached to an Axio Observer Z1 inverted microscope (Carl Zeiss, Inc.). Five image fields were randomly captured for each sample.

Immunofluorescence staining and microscopy. Immunofluorescence was performed as previously described ([@b27-mmr-22-02-0850]). Samples were fixed with 4% paraformaldehyde for 1 h at room temperature and then blocked with 2% goat serum (Gibco; Thermo Fisher Scientific, Inc.) for 1 h at room temperature. DAPI (cat. no. ab228549, Abcam) was used to identify the nuclei. The cells were incubated with primary antibodies overnight at 4°C and were as follows: Pax7 (1:100, cat. no. ab199010, Abcam), MyoD (1:250, cat. no. ab203383, Abcam) and MHC (1:200, cat. no. ab11083, Abcam). Then the cells were incubated with secondary antibodies for 1 h at room temperature and were as follows: Alexa Fluor^®^ 594-conjugated goat anti-mouse (1:1,000, cat. no. ab150116, Abcam) and Alexa Fluor^®^ 488-conjugated goat anti-rabbit IgG H&L (1:1,000, cat. no. ab150077, Abcam). Cell images were acquired using an Axiovison 4.8 camera (magnification, ×40) attached to an Axio Observer Z1 inverted microscope (Carl Zeiss, Inc.) and the images were then assembled using Adobe^®^ Photoshop CS 6 software (Adobe Systems, Inc.).

### Confocal microscopy

Cells (1×10^4^ cells/well) were seeded on confocal dishes and maintained in an incubator for 24 h at 37°C. The procedures were performed according to the manufacturer\'s instructions (Thermo Fisher Scientific, Inc.). Cells were incubated overnight at 4°C with anti- Pax7 (1:200; cat. no. ab199010; Abcam) and MyoD (1:200; cat. no. ab203383; Abcam) primary antibodies, and then incubated with Alexa Fluor^®^ 594-conjugated goat anti-mouse (1:1,000; cat. no. ab150116; Abcam) and Alexa Fluor^®^ 488-conjugated goat anti-rabbit IgG H&L (1:1,000; cat. no. ab150077; Abcam) secondary antibodies for 1 h in the dark at room temperature. Then, DAPI was added for 15 min at room temperature. Finally, a confocal microscope (Nikon Corporation) was used to acquire images at ×40 magnification.

### Statistical analysis

Each experiment was repeated at least three times and the data are presented as the mean ± standard deviation. Statistical significance was determined by performing Student\'s t-test for comparisons between two groups and one-way analysis of variance followed by Tukey\'s post-hoc test for comparisons between more than two groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Isolation and identification of SkMSCs

FACS analysis results demonstrated SkMSCs to be positive for CD34 and integrin β1 and negative for CD11b and CD45 ([Fig. 1A](#f1-mmr-22-02-0850){ref-type="fig"}). Cell colonies were observed 3--5 days after the initial plating, and light microscopy demonstrated the SkMSCs exhibited a fibroblast-like morphology.

To identify the characteristics of SkMSCs, the expression of Pax7 and MyoD was examined. The majority of adhered SkMSCs exhibited expression of Pax7 and MyoD ([Fig. 1B](#f1-mmr-22-02-0850){ref-type="fig"}). In addition, the PG group exhibited a greater number of EdU-positive stained cells compared with that in the NC group ([Fig. 1C and D](#f1-mmr-22-02-0850){ref-type="fig"}), suggesting a high capacity for proliferation.

### SkMSCs exhibiting an accelerated rate of proliferation express high levels of miR-217-5p

miR-217-5p levels were measured in the medium samples from PG and NC SkMSCs. RT-qPCR analysis demonstrated that the expression of miR-217-5p was significantly higher in PG SkMSCs compared with that in NC SkMSCs ([Fig. 2A](#f2-mmr-22-02-0850){ref-type="fig"}). In addition, the FGFR2 mRNA and protein expression was significantly upregulated in PG SkMSCs compared with that in NC SkMSCs ([Fig. 2B-D](#f2-mmr-22-02-0850){ref-type="fig"}). These results suggested that miR-217-5p and FGFR2 expression was greater in highly proliferating SkMSCs compared with normal SkMSCs.

### Ectopic expression of miR-217-5p affects SkMSC proliferation and differentiation

miR-217-5p expression was modulated by transfecting a miR-217-5p antagomir or miR-217-5p mimics into SkMSCs. MTT assay demonstrated that the proliferation of SkMSCs was promoted by miR-217-5p mimics and impeded by miR-217-5p antagomir compared with that of the miR-NC group ([Fig. 3A](#f3-mmr-22-02-0850){ref-type="fig"}). RT-qPCR analysis was also performed to verify miR-217-5p expression; miR-217-5p mimics significantly increased, whereas miR-217-5p antagomir significantly decreased the expression levels of miR-217-5p in SkMSCs compared with that of SkMSCs transfected with miR-NC ([Fig. 3B](#f3-mmr-22-02-0850){ref-type="fig"}). In addition, immunofluorescence staining demonstrated that the expression levels of MyoD and MYHC were significantly lower in the miR-217-5p mimic group and significantly higher in the miR-217-5p antagomir group compared with those of the miR-NC group ([Fig. 3C-E](#f3-mmr-22-02-0850){ref-type="fig"}). These data suggested that miR-217-5p enhanced the proliferation and inhibited the differentiation of SkMSCs.

### FGFR2 is a direct target of miR-217-5p in SkMSCs

TargetScan and miRNA databases were used to predict the downstream targets of miR-217-5p and further explore the underlying molecular mechanism involved in the proliferation of SkMSCs. As binding between the 3′-UTR of FGFR2 and miR-217-5p was predicted ([Fig. 4A](#f4-mmr-22-02-0850){ref-type="fig"}), luciferase reporter assay was performed to investigate whether FGFR2 was directly targeted by miR-217-5p. Transfection of SkMSCs with miR-217-5p mimics significantly decreased the luciferase activity of the wild-type, but not the mutant, 3′-UTR of FGFR2 compared to that of SkMSCs transfected with miR-NC ([Fig. 4B](#f4-mmr-22-02-0850){ref-type="fig"}). By contrast, the miR-217-5p antagomir significantly increased the luciferase activity of wild-type FGFR2 in SkMSCs compared with that of SkMSCs transfected with miR-NC and miR-217-5p mimics ([Fig. 4B](#f4-mmr-22-02-0850){ref-type="fig"}). In addition, the results also demonstrated that miR-217-5p mimics significantly increased and miR-217-5p antagomir significantly decreased the mRNA and protein expression levels of FGFR2 in SkMSCs compared with those of miR-NC transfected SkMSCs ([Fig. 4C-E](#f4-mmr-22-02-0850){ref-type="fig"}). These findings suggested that FGFR2 was a direct target of miR-217-5p in SkMSCs.

### miR-217-5p regulates the proliferation and differentiation of SkMSCs by targeting FGFR2

To verify the mechanism of miR-217-5p in myogenesis, SkMSCs were transfected with miR-217-5p mimics or miR-NC. RT-qPCR results demonstrated that FGFR2 mRNA expression was increased in SkMSCs transfected with miR-217-5p mimics compared with that in SkMSCs transfected with miR-NC ([Fig. 5A](#f5-mmr-22-02-0850){ref-type="fig"}). In addition, RT-qPCR and western blotting results demonstrated that a selective FGFR inhibitor (AZD4547) suppressed the mRNA and protein expression of FGFR2 compared with that in the miR-NC group, whereas miR-217-5p overexpression (miR-217-5p mimics + AZD4547) reduced this suppression ([Fig. 5A-C](#f5-mmr-22-02-0850){ref-type="fig"}). Additionally, MTT assay demonstrated that the proliferation of SkMSCs was suppressed by AZD4547 compared with miR-NC, and that miR-217-5p mimics + AZD4547 reduced the reversal ([Fig. 5D](#f5-mmr-22-02-0850){ref-type="fig"}). Furthermore, to study the role of miR-192-5p in differentiation of SkMSCs, the expression of MYHC and MyoD was examined. Western blotting analysis demonstrated that the protein expression levels of MYHC and MyoD was suppressed by miR-217-5p mimics but enhanced by AZD4547 compared with those in the miR-NC group ([Fig. 5E and F](#f5-mmr-22-02-0850){ref-type="fig"}). These results suggested that miR-217-5p may regulate the myogenesis of SkMSCs by targeting FGFR2.

Discussion
==========

The regenerative capacity of adult skeletal muscle is attributed to SkMSCs. Which have the ability to proliferate, differentiate and self-renew ([@b1-mmr-22-02-0850],[@b7-mmr-22-02-0850]). SkMSCs are involved in muscle formation and regeneration in response to acute or chronic injury ([@b7-mmr-22-02-0850],[@b28-mmr-22-02-0850]). The results of the present study demonstrated that the expression levels of miR-217-5p were increased in SkMSC culture medium and that miR-217-5p mimics promoted the proliferation and suppressed the differentiation of SkMSCs. In addition, miR-217-5p may have the potential to facilitate the proliferation of SkMSCs possibly by targeting FGFR2.

A miRNA is a type of small noncoding RNA 20--30 nucleotides in length that regulates gene expression through the inhibition of translation or promotion of the degradation of target mRNA by binding to its 3′-UTR ([@b17-mmr-22-02-0850],[@b19-mmr-22-02-0850],[@b29-mmr-22-02-0850]--[@b32-mmr-22-02-0850]). Recent studies have reported that the prerequisite for the myogenic differentiation of quiescent SkMSCs is the activation of myogenic markers and MyoD expression ([@b7-mmr-22-02-0850],[@b33-mmr-22-02-0850]--[@b35-mmr-22-02-0850]). Previous studies have reported that miRNAs are involved in regeneration and differentiation of SkMSCs ([@b36-mmr-22-02-0850]--[@b39-mmr-22-02-0850]). Increasing evidence indicates that several miRNAs promote or inhibit stem cell progression ([@b19-mmr-22-02-0850]). miR-217-5p has been implicated in the apoptosis of colorectal cancer cells by directly targeting protein kinase c iota type I (PRKCI), BAG family molecular chaperone regulator 3 (BAG3), integrin subunit alpha v (ITGAV) and mitogen-activated protein kinase 1 (MAPK1) ([@b19-mmr-22-02-0850]). Further studies have revealed that miR-217-5p regulates pluripotent stem cell proliferation and differentiation by LPS ([@b17-mmr-22-02-0850]--[@b19-mmr-22-02-0850]). However, the role of miR-217-5p in SkMSCs is still unclear. The present study explored the effects of miR217-5p on the proliferation of SkMSCs. The results of the present study demonstrated that the expression levels of miR-217-5p were increased in SkMSC culture medium and promoted SkMSCs proliferation compared with that of the miR-NC group.

FGFR2 is associated with breast, lung and clear cell renal cell carcinomas ([@b40-mmr-22-02-0850]--[@b42-mmr-22-02-0850]). In addition, FGFR2 has recently been identified as a therapeutic target for carcinoma owing to its association with tumorigenesis ([@b43-mmr-22-02-0850]--[@b45-mmr-22-02-0850]). Studies have reported that FGFR2 promotes the proliferation of stem cells ([@b46-mmr-22-02-0850],[@b47-mmr-22-02-0850]) and that a novel circular RNA of FGFR2 may serve a role in enhancing skeletal muscle proliferation and differentiation by targeting miR-133a-5p and miR-29b-1-5p ([@b6-mmr-22-02-0850]). A recent study has revealed that miR-142-3p suppresses the induction of the FGFR2-driven oncogenic process by directly binding transient receptor potential ankyrin-1 (TRPA1) ([@b20-mmr-22-02-0850]).

The results of the present study suggested that miR-217-5p may directly target FGFR2 and enhance the expression of FGFR2, indicating a positive regulatory effect of miR-217-5p on this target gene. Although miRNAs have a predominantly negative effect on the expression of the protein encoded by the target gene, several reports have demonstrated a positive effect of miRNAs ([@b48-mmr-22-02-0850]--[@b51-mmr-22-02-0850]). Similarly, the results of the present study suggested that miR-217-5p promoted the target gene expression.

In the present study, TargetScan and miRNA databases were used to predict the downstream targets of miR-217-5p and further explore the molecular mechanism underlying the proliferation and differentiation of SkMSCs. SkMSCs have self-renewal properties and can regenerate muscle ([@b28-mmr-22-02-0850]). However, a previous study has suggested that the SkMSC population contains undifferentiated cells that can differentiate into several other types of mesenchymal cells, such as adipocytes, chondrocytes and osteocytes ([@b52-mmr-22-02-0850]). SkMSCs can be activated during muscle repair; however, they also have the potential to differentiate into other phenotypes. The results of the present study demonstrated that miR-217-5p mimics induced the upregulation of FGFR2, promoting myogenesis of SkMSCs.

There were several limitations to the present study. First, only one cell type was used in the present study, and additional cell types may be required. Second, although the present study indicated that miR-217-5p levels were increased in SkMSC culture medium, which promoted SkMSCs proliferation by targeting FGFR2, the underlying mechanism remained unclear. Third, the results of this study were not validated *in vivo*, necessitating further exploration of the role of miR-217-5p in SkMSCs. Further study to analyze the mechanism of skeletal muscle regeneration is necessary.

In summary, the results of the present study suggested that miR-217-5p maintains an appropriate proliferation rate and suppresses differentiation into a non-muscle cell phenotype, thus regulating the myogenesis of SkMSCs by targeting FGFR2, which may reflect a promising therapeutic strategy for the treatment of muscle injuries.
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![Isolation and identification of SkMSCs. (A) Double-sorted SkMSCs were positively stained with antibodies against CD34 and integrin β1, but negative for CD11b and CD45. (B) Immunofluorescence staining images for Pax7 (red) and MyoD (green). Cell nuclei were stained by DAPI (blue). Scale bar, 10 mm. (C) EdU assays demonstrated the proliferation of SkMSCs in the NC and PG groups. Scale bar, 50 mm (D) Quantification of EdU-positive cells in the NC and PG groups. NC, control group (SkMSCs cultured in DMEM supplemented with 10% FBS); PG, high-proliferation group (SkMSCs cultured in DMEM supplemented with 20% FBS and 1% chick embryo extract with transforming growth factor β1). \*\*P\<0.01. SkMSCs, skeletal muscle stem cells; Pax7, paired box protein7 Pax7; MyoD, myogenic differentiation markers; EdU, 5-ethynyl-2′-deoxyuridine; NC, control group; PG, high-proliferation group.](MMR-22-02-0850-g00){#f1-mmr-22-02-0850}

![Upregulation of miR-217-5p and FGFR2 in accelerating proliferation of SkMSCs. (A) miR-217-5P expression in accelerating proliferation of SkMSCs. GAPDH mRNA was used as an internal control. (B) mRNA and (C and D) protein expression levels of FGFR2 were higher in accelerating proliferation of SkMSCs. GAPDH was used as an internal control. \*P\<0.05. miR, microRNA; NC, control group; PG, high-proliferation group; FGFR2, fibroblast growth factor receptor 2; SkMSCs, skeletal muscle stem cells.](MMR-22-02-0850-g01){#f2-mmr-22-02-0850}

![Ectopic expression of miR-217-5p affects the proliferation and differentiation of SkMSCs. (A) SkMSCs were transfected with NC-antagomir, NC-mimics, miR-217-5p antagomir and miR-217-5P mimic. MTT assay suggested that cell viability was enhanced upon miR-217-5p overexpression. (B) miR-217-5p expression was examined by RT-qPCR assay. (C) Immunofluorescence staining images of the expression of MyoD (red) and MYHC (green) in the three groups. (D and E) Quantification of MyoD and MYHC. \*P\<0.05. Scale bar, 100 µm miR, microRNA; NC, control group; SkMSCs, skeletal muscle stem cells; RT-qPCR, reverse transcription-quantitative PCR; MyoD, myogenic differentiation markers; MyHC, myosin heavy chain.](MMR-22-02-0850-g02){#f3-mmr-22-02-0850}

![FGFR2 is a direct target of miR-217-5p. (A) Potential targets of miR-217-5p were identified in the 3′-UTR of FGFR2 through TargetScan. (B) Skeletal muscle stem cells transfected with the miR-217-5p mimic, NC-antagomir, NC-mimics or miR-192-5p antagomir in the presence of WT or MUT FGFR2 3′-UTR, and the binding was detected by measuring luciferase activity. (C-E) Reverse transcription-quantitative PCR and western blotting were performed to identify the (C) mRNA and (D and E) protein expression levels of FGFR2 in transfected cells. The level of FGFR2 was normalized to that of GAPDH. \*P\<0.05. miR, microRNA; NC, control group; UTR, untranslated region; FGFR2, fibroblast growth factor receptor 2; WT, wild-type; MUT, mutant.](MMR-22-02-0850-g03){#f4-mmr-22-02-0850}

![miR-217-5p regulates the proliferation and differentiation of SkMSCs by targeting FGFR2. (A-C) SkMSCs were transfected with miR-192-5p antagomir, miR-NC, miR-217-5p mimics or miR-217-5P mimics + AZD4547 and the (A) mRNA and (B and C) protein expression levels of FGFR2 were examined. The level of FGFR2 was normalized to that of GAPDH. (D) MTT assay results suggested that compared with that of the miR-NC group the proliferation of SkMSCs was suppressed by AZD4547, and miR-217-5p reduced this effect. (E and F) The protein expression levels of MYHC and MyoD was suppressed by miR-217-5p mimics but enhanced by AZD4547 compared with the miR-NC group. The level of MYHC and MyoD was normalized to that of GAPDH. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. miR, microRNA; NC, control group; SkMSCs, skeletal muscle stem cells; FGFR2, fibroblast growth factor receptor 2; MyoD, myogenic differentiation markers; MyHC, myosin heavy chain.](MMR-22-02-0850-g04){#f5-mmr-22-02-0850}
